Introduction {#S0001}
============

The cerebellum, also termed 'little brain', is an extensively researched part of the neuraxis. Nonetheless, the molecular pathogenesis underlying cerebellar disease remains poorly understood, with the vast majority of such disorders still being immedicable to date ([@CIT0052]). As one of the more principal neuraxial structures with high cellular and structural complexity, the cerebellum integrates and orchestrates ∼80% of the number of total CNS neurons in only 10% of the total volume ([@CIT0005]). Its anatomical location in the posterior cranial fossa is functionally related to coordinating the major input from pontine and vestibular nuclei, the inferior olive and spinal cord to the cerebellum\'s major output pathways via the ventrolateral thalamus and pontine, medullary reticular, red and vestibular nuclei ([@CIT0015]; [@CIT0035]; [@CIT0088]; [@CIT0066]). Using non-induced pluripotent stem cell (iPSC)-based approaches, the cerebellum has been extensively studied and has well-established functions in motor control and motor learning, (fine) coordination, posture and balance ([@CIT0035]; [@CIT0023]; [@CIT0070]). Additionally, there is growing evidence implicating the cerebellum in cognitive functions and emotion ([@CIT0077]; [@CIT0078]; [@CIT0001]; [@CIT0084]). Its unique organisation, precise wiring and distinct pathophysiology make this particular structure equally vulnerable to injury and difficult to repair.

Regenerative medicine has been revolutionised by the potential of disease modelling and manipulation via hiPSC technology, a recent discovery later recognised by the Nobel Prize in Physiology or Medicine ([@CIT0081]; [@CIT0080]). Differentiation of hiPSCs from healthy and diseased individuals into neuronal cells permits investigation and modelling of human neurodevelopmental processes. It also significantly fosters our understanding of the pathological processes driving different developmental and degenerative diseases and thus informs strategies to ameliorate disease progression, with the ultimate aim to restore structure and function ([@CIT0094]). Specific advantages include not only directed differentiation of any human cell type to model disease in a highly reductionist fashion but also that these cells will express mutations at a normal pathophysiological level, removing the need for artificial overexpression, knockdown or knockout. Furthermore, given their theoretically limitless potential to proliferate before directed differentiation into clinically relevant cell types, this 'renewable' resource for experimental material both recapitulates disease phenotypes and further enables high-throughput drug screening in search of a revertive therapeutic agent ([@CIT0019]; [@CIT0051]; [@CIT0097]). A second more long-term promise of hiPSCs will be patient-targeted individual therapy through transplantation, although accurate restoration of circuit integrity and function after damage will be a formidable task.

The advent of hiPSCs is of particular relevance to a structure like the cerebellum both from developmental and clinical neurological perspectives as most of the mysteries remain to be unravelled ([@CIT0052]; [@CIT0048]; [@CIT0087]) and no cure is available for the treatment of the vast majority of cerebellar diseases. Against this background, understanding the developmental 'logic' of cerebellar differentiation is essential to first permit reproducible directed differentiation of hiPSCs in vitro, in order to generate accurate disease models for a variety of cerebellar disorders.

Here we highlight the promise of iPSC technology to regenerative medicine, and especially neurology with a specific focus on the cerebellum. We first discuss the prospects and remaining challenges of iPSC technology before focussing specifically on current strategies, achievements and limitations for directed differentiation to cerebellar neurons. We conclude by summarising the advances in modelling human cerebellar degeneration using hiPSCs and speculating on future areas of interest at the experimental interface between cerebellar neurology and human stem cell-based disease modelling 'in-a-dish'.

iPSC technology and its relevance to medicine {#S0002}
=============================================

The discovery of efficient reprogramming of adult human fibroblasts into iPSCs in 2007 ([@CIT0081]) has since caused a fundamental paradigm shift in regenerative medicine. Subsequent technique optimisation and refinement of reproducibility and scalability ([@CIT0058]; [@CIT0069]; [@CIT0098]; [@CIT0037]; [@CIT0031]; [@CIT0090]) have only reinforced the importance of hiPSC-based modelling. With the help of a small number of transgenes it is becoming a standardised procedure to revert primary somatic cells of diseased patients and healthy control individuals into iPSCs for many laboratories worldwide, indeed this technology has also attracted considerable (and growing) commercial interest. These reprogramming methods somewhat circumvent ethical concerns accompanied by the use of primary human embryonic stem cells (hESCs) for medical research, and revolutionise predating approaches including somatic nuclear transfer into oocytes or fusion with ESCs, leading to tetraploidy ([@CIT0095]). The theoretically endless capability of self-renewal and the preserved genetic background (where mutated genes are expressed at a representative pathophysiological level) render hiPSCs an unprecedented and unparalleled resource. Combined with ongoing advances in the field of directed differentiation into disease-specific cell types ([@CIT0080]; [@CIT0075]; [@CIT0073]; [@CIT0083]; [@CIT0018]; [@CIT0055]), hiPSC in vitro models faithfully recapitulate key aspects not only of human development, but also of genetic and sporadic disease that would otherwise be inaccessible for investigation. Thus, and for the first time in regenerative medicine, this technology enables careful temporal interrogation of pathogenic events in a patient-specific manner using a fully humanised model, which bypasses the need for artificial overexpression, knockdown or knockout (for a schematic, see [Figure 1](#F0001){ref-type="fig"}).

![iPSC technology has already started to foster the study of the human cerebellum and its pathologies in a patient-specific way. Overcoming the current bottleneck of directed differentiation will further facilitate the beneficial effects of this technology on the disorders of the cerebellum. *Cerebellar Patient taken from Netter\'s Concise Neurology, p.85, Elsevier, Inc. (copyright).*](ineg_a_1053478_f0001_oc){#F0001}

iPSC technology and its relevance to neurology {#S0003}
==============================================

Neuronal cells have been amongst the earliest cell types to be generated via reproducible and efficient differentiation protocols from hESCs ([@CIT0064]; [@CIT0100]) and hiPSCs ([@CIT0075]; [@CIT0010]). Protocols range from in vitro formation of embryoid bodies exposed to retinoic acid in a stage-specific manner, co-culture with neural inducing feeder cells or direct pharmacological inhibition of transforming growth factor (TGF-beta) and bone morphogenetic protein (BMP) signalling performed on a monolayer of stem cells (dual SMAD inhibition). These approaches can reliably induce neural conversion; the resulting precursors can be 'patterned' using developmentally rationalised morphogenetic cues, and then be terminally differentiated into region-specific neuronal and glial subtypes.

Although this technology permits modelling of human developmental processes and diseases ([@CIT0045]; [@CIT0053]) in an essentially foetal system ([@CIT0060]), an ever growing number of studies confirm that mutant hiPSCs derived from patients with inherited disease can successfully recapitulate key cellular pathophysiology, including those diseases that are adult onset ([@CIT0018]; [@CIT0034]; [@CIT0039]; [@CIT0046]; [@CIT0068]; [@CIT0071]; [@CIT0092]). In addition to uncovering cellular and molecular pathogenesis in inherited and sporadic conditions ([@CIT0034]; [@CIT0068]) hiPSCs can also be used successfully to screen for potential novel therapeutics ([@CIT0097]; [@CIT0006]; [@CIT0012]) or to delineate genetic from non-genetic influences driving neuronal disease as demonstrated lately for the case of monogenic twins discordant in their clinical phenotype with Parkinson\'s disease (PD) ([@CIT0092]). While a comprehensive summary of the most important findings from iPSC studies in the field of neurology is beyond the scope of this article, the interested reader is referred to recent reviews on this topic ([@CIT0094]; [@CIT0009]; [@CIT0065]). Despite this undisputed contribution to understanding development and disease of the human nervous system, remaining caveats include possible oncogene reactivation via reprogramming procedures, uncontrolled epigenetic and genetic modifications of generated stem cells and precursors from in vitro culture conditions or undiscovered transgene integration, low-efficiency and non-directed differentiation that might lead to proliferation and teratoma formation in vivo, laborious and expensive culture and experimental settings with high intrinsic biological variability. These will require further optimisation until this technique can realise its full potential for disease modelling, drug discovery and ultimately autologous transplantation, although this remains a much longer term aim with several unresolved issues to date ([@CIT0080]; [@CIT0014]; [@CIT0024]; [@CIT0004]; [@CIT0022]; [@CIT0074]; [@CIT0041]).

What distinguishes cerebellar modelling with iPSCs from the successful modelling of other subregions of the human brain? {#S0004}
------------------------------------------------------------------------------------------------------------------------

Modelling cerebellar disease with hiPSC technology has not yet become a broadly used routine approach and is reported with less frequency compared with other neurological diseases.

Progress in modelling cortical, striatal, midbrain, spinal, peripheral sensory and autonomic nervous system development and disease using human pluripotent stem cells is largely attributable to the presence of established protocols for directed differentiation to region specific neurons and glia ([@CIT0075]; [@CIT0034]; [@CIT0003]; [@CIT0016]; [@CIT0062]; [@CIT0036]; [@CIT0068]; [@CIT0061]; [@CIT0096]; [@CIT0042]; [@CIT0049], [@CIT0050]; [@CIT0032]; [@CIT0059]; [@CIT0013]; [@CIT0017]; [@CIT0085]; [@CIT0011]; [@CIT0047]; [@CIT0063]). This clearly fosters the applicability of hiPSCs in clinical research and further paves its way towards translation as reflected in the number of publications generated in these respective fields. Conversely, modelling cerebellar conditions has been hampered by the absence of such robust differentiation paradigms. Comparing the number of iPSC publications investigating neurological non-cerebellar disorders to the amount of published work harnessing iPSC technology to study cerebellar pathology we currently observe a strong disequilibrium: (1) the few reports studying cerebellar diseases with iPSC technology ([@CIT0039]; [@CIT0020]; [@CIT0027]; [@CIT0007]) have derived non-cerebellar cells from patients with primarily cerebellar phenotypes, (2) no reported study thus far has reproduced the single published protocol to specify cerebellar-like cells from hiPSCs ([@CIT0021]) available at that time.

Why is the cerebellum lagging behind? {#S0005}
-------------------------------------

An important contribution to the lack of reliable and efficient cerebellar differentiation protocols might certainly come from the rarity of cerebellar diseases. One could argue that simply the medical and socio-economic necessity to generate hiPSC models of cerebellar disorders is lower and therefore orchestrated efforts of developmental biologists have focussed on deriving more 'deserving' cell types for more common disorders such as PD and Alzheimer\'s disease (AD). In these disciplines, significant progress in directed differentiation of disease-relevant neurons has been made ([@CIT0075]; [@CIT0061]; [@CIT0096]; [@CIT0042]). Even though (hereditary) degenerative conditions of the cerebellum might be less frequent than degenerative conditions of the basal ganglia or cortex, the cerebellum is affected in a range of common and rare conditions, including paraneoplastic cerebellar degeneration, alcohol abuse, nutritional deficiency and rare inherited conditions \[dominant and recessive spinocerebellar ataxias (SCAs and ARCAs)\]. Moreover, multiple sclerosis -- the most common cause for neurological disability in young people of developed countries -- frequently targets the cerebellum, and tumours in the granule cell (medulloblastomas) represent up to 20--40% of brain tumours in children and young adults ([@CIT0002]; [@CIT0067]). Additionally, cerebellar malformations (e.g. Dandy--Walker or Arnold--Chiari malformations, Joubert syndrome and pontocerebellar hypoplasias) are highly disabling both to the affected patients and their carers. Currently, we cannot offer treatment to prevent ongoing cerebellar degeneration, and we will not be able to in the near future, unless we understand the molecular and cellular mechanisms underlying human cerebellar degeneration more precisely. The generation of reliable disease models will be crucial to progress in this field. We therefore want to highlight that a deeper mechanistic understanding of cerebellar development will permit establishment of accurate disease models using iPSC technology. Insights into the molecular pathogenesis will in turn allow more mechanistically rationalised approaches to therapy in this arena.

Against this background, it seems plausible that the inherent and notorious developmental complexity of cerebellar cells \[and especially Purkinje cells (PCs)\] and subsequent difficulties generating them from human iPSCs have hampered significant progress in this field, despite both early ([@CIT0067]; [@CIT0079]; [@CIT0057]) and indeed more recent developmental breakthroughs ([@CIT0056]).

What has been done to study cerebellar diseases using iPSC technology? {#S0006}
----------------------------------------------------------------------

At the time of writing, the authors are aware of one publication using hiPSC-derived long-term self-renewing neuroepithelial-like stem (lt-NES) cells from patients with SCA3 to study the cellular pathology of the most common autosomal-dominant degenerative cerebellar disorder ([@CIT0039]). Here, the inherent difficulty and the lack of efficient in vitro cerebellar differentiation protocols are circumvented by studying lt-NES cells. These cells do express a hindbrain-like transcriptional signature with markers usually observed in cells of a ventral anterior hindbrain fate ([@CIT0040]) which transcriptionally (and possibly functionally) approximates these cells to the cerebellum. Using this model, the authors detected neuron-specific early aberrant protein processing, aggravated by excitation in SCA3 mutant iPSC neurons, thereby breaking a milestone for the field in modelling late-onset cerebellar disease in a dish ([@CIT0039]). Since then, Friedreich\'s ataxia, the most common autosomal recessive cerebellar disorder with additional multisystemic affection has been studied through various attempts using iPSC technology. Again, investigators in these studies utilised non-cerebellar cells to study a cellular phenotype ([@CIT0020]; [@CIT0027]; [@CIT0007]; [@CIT0043]). None of the above studies reported successful utilisation or modification of the -- by that time -- only published protocol describing cerebellar-like granule cell differentiation from hiPSCs ([@CIT0021]).

In order to explain the lack of studies using patient-derived iPSCs to generate cerebellar cells and study their pathology we need to address the following question:

What do we know about the development of erebellar cells that might distinguish them from other neuronal cells? {#S0007}
---------------------------------------------------------------------------------------------------------------

Cerebellar development in humans occurs over a prolonged time span ranging from the early embryonic period to the first postnatal years. It happens in parallel to the development of the forebrain, midbrain, spinal cord and their arising substructures, but follows its own distinct stereotyped pattern. In summary, four basic processes can be delineated: Firstly, the cerebellar primordium forms at the midbrain--hindbrain boundary (MHB) under close transcriptional influence of the isthmic organiser (IsO; for more information on this structure, see, [@CIT0093]). Subsequently, two different proliferative compartments appear, giving rise to two distinct principal cerebellar cell type precursors, which will later migrate and/or differentiate to form the inhibitory PCs and the excitatory granule cells. In a third step, the aforementioned granule precursors migrate tangentially to form the external granule layer (EGL) where significant maturation takes place before they eventually migrate radially inwards to their ultimate residence in the internal granule layer (IGL). Finally, cell maturation and establishment of cellular connections characterise the last process giving rise to the three-layered cerebellar cortex with its distinct circuitry and conserved foliation pattern that organises the cerebellum into 10 lobules (for more detailed information on cerebellar development, please see, [@CIT0082]; [@CIT0091]). It is noteworthy that the cerebellar cortex is connected to the remaining neuraxis only via long projecting axons arising from PC somata in the central PC layer, which exert modulatory inhibitory input to deep cerebellar nuclei (DCN).

What do we know about the development of Purkinje cells that might distinguish them from other cerebellar cells? {#S0008}
----------------------------------------------------------------------------------------------------------------

PCs are not only the cerebellum\'s key effectors but they are also thought to be primarily affected in SCAs ([@CIT0025]) among other cerebellar conditions. Their pronounced sensitivity, morphology, and unique functional circuitry with neighbouring cells permits a carefully coordinated output, which integrates complex temporal and spatial events at the synapse to long-term depression (LTD), or long-term potentiation (LTP) with precision and fidelity ([@CIT0091]; [@CIT0072]; [@CIT0008]).

Their embryonic origin stems from neural progenitor cells of the cerebellar ventricular zone ([@CIT0030]; [@CIT0026]), one of the two germinal layers of the cerebellar primordium. However, it has been intrinsically difficult for developmental biologists to influence PC generation either in vivo or in vitro. Although publication bias towards positive findings confounds an accurate and comprehensive analysis of past and current attempts at cerebellar neurogenesis, one notable recent study demonstrates successful transplantation of cerebellar neural stem cells (NSC) into the cerebellum of SCA3 mutant mice with functional reorganisation ([@CIT0054]). This report confirmed a reduction of mutant ataxin-3 (ATXN3) inclusions and atrophy within the cellular layers of the cerebellum and specific preservation of the number of PCs post-transplant compared with the non-transplanted mutant mice. Importantly this work failed to demonstrate the specification of PCs from the cerebellar NSC graft in vivo and in vitro, thus suggesting an indirect beneficial effect of the graft on PC survival and cerebellar integrity. The differentiation of TUJ1-positive neurons, glial fibrillary acidic protein (GFAP)-positive astrocytes and neural/glial antigen 2 (NG2)-positive oligodendrocytes and their subsequent integration into the cerebellum was observed in vivo and in vitro in their mouse model, at the expense of PCs. These results seem to be somewhat mirrored by the advances in the field of cerebellar cell differentiation from hiPSCs: whilst there has been no successful report of mature fully functional PC differentiation from hiPSCs or ESCs until early 2015 ([@CIT0056]; [@CIT0089]), generation of MATH1 + cerebellar-like granule cells from hiPSCs had been reported years earlier ([@CIT0021]).

How can the field move from here? {#S0009}
---------------------------------

The recent publication of [@CIT0056] is a landmark study recapitulating key developmental steps in cerebellar neurogenesis in order to achieve efficient directed differentiation of hiPSCs. Briefly, the authors report regionalising ESC-derived embryoid bodies to the MHB in vitro and subsequent generation of self-organising cerebellar plate neuroepithelium (CPNE) that gives rise to mature, fully functional PCs and granule cells, as well DCN neurons and various interneurons in specific co-culture settings. By the precise timing of sequentially administered extrinsic morphogenetic signals \[fibroblast growth factor2 (FGF2), FGF19 and stromal cell-derived factor 1 (SDF1)\] the team promoted self-formation of continuous CPNE with dorsal-ventral and apical-basal organisation, mimicking cerebellar development for the first time in a dish. The investigators managed to harness the currently pitted knowledge of developmental cues required for cerebellar development to a reductionist 3D culture with external administration of three morphogens in a timely defined manner only. This proof of principle of cerebellar-like development in vitro was conducted on hESCs, although the authors also confirm that the same protocol applied to two hiPSC lines yielded similar findings ([@CIT0056]). This study will certainly inspire researchers to reproduce, modify ([@CIT0089]) and further optimise the protocol (e.g. monolayer culture in fully chemically defined medium) and to use this platform to further investigate human cerebellar development and degeneration (see [Figure 1](#F0001){ref-type="fig"}).

The future of iPSC technology in modelling cerebellar diseases {#S0010}
==============================================================

If the above-mentioned goal(s) can be met, the future of modelling cerebellar diseases with iPSC technology will be bright. We are cautiously optimistic that efficient and reproducible protocols for the generation of PCs and granule cells from hiPSCs will be developed within the coming years using insights from developmental biology and also guided by recent breakthroughs ([@CIT0039]; [@CIT0056]; [@CIT0054]). This will be crucially important to foster this currently underrepresented field within hiPSC modelling of neurodegeneration. Such advances will permit accurate study of developmental and degenerative processes. Here, having lagged behind the main field previously might actually become a strategic advantage: important platforms for disease modelling (for recent reviews, please see e.g., [@CIT0099]), drug discovery (e.g., [@CIT0033]) and evaluation of cell replacement therapies ([@CIT0038]) have been established in the meantime successfully for other iPSC-derived cell types, and can be adapted to iPSC-derived cerebellar cells by building on this important knowledge. Successfully applied, these platforms will exert their full potential towards a better understanding of cerebellar development, disease pathways and therapeutic avenues in cerebellar disease. We depict this in a time bar summarising past efforts (blue and black font) with future predictions (red font) which may be of special interest to model genetic cerebellar diseases with iPSC technology ([Figure 2](#F0002){ref-type="fig"}). Furthermore, efforts in establishing accurate cerebellar in vitro disease models will -- as has happened in other fields already ([@CIT0076]) -- be complemented by the generation of isogenic hiPSC lines via modern genomic editing techniques ([@CIT0028], [@CIT0029]). Such approaches allow introducing or 'correcting' different mutations that solely affect cerebellar integrity against an identical genetic background to precisely disentangle disease-causing mechanisms from background genomic variation between different lines. Finally, the gathered knowledge and progress towards efficient cerebellar differentiation protocols will impact on direct lineage reprogramming efforts (for recent reviews, please see, [@CIT0044]; [@CIT0086]).

![Modelling cerebellar diseases with hiPSC technology: past, present and future. We think, SCA3 and Friedreich\'s ataxia (FA), as the most common autosomal-dominant and -recessive cerebellar degenerative conditions, should be remodelled using PCs differentiated from patient-derived iPSCs once possible. Furthermore, preferential choice should target cerebellar diseases due to genetic defects in pathophysiologically widely linked genes, e.g. SCA15 ([@CIT0072]), and employ suitable cellular readouts with a focus on electrophysiology and live-cell imaging to widen our knowledge about cerebellar diseases as 'impaired network and impaired plasticity' disorders.](ineg_a_1053478_f0002_oc){#F0002}

In summary, the cerebellum currently fails to obtain comparable experimental recognition as other neuraxial regions largely due to a poor translation of its underlying developmental biology into directed differentiation strategies. Noting recent breakthroughs in the directed differentiation of human pluripotent stem cells into cerebellar derivatives, we predict that this hitherto relatively understudied region of the neuraxis can now begin to receive the experimental attention it deserves. This in turn may illuminate the precise mechanisms of cerebellar development and degeneration, thus informing therapeutic strategy.
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